A fibre Bragg grating interrogation technique with tunable sensitivity is reported. It relies on the utilization of the edge filtering concept applied to a chirped fibre Bragg grating (CFBG) written in an erbium-doped fibre as the processing element. Through the combination of the optical gain properties of the erbium-doped fibre and of the distributed wavelength reflection characteristics of the CFBG, it is possible to achieve different reading sensitivities and amplification of the remote sensing signal.
Introduction
Fibre Bragg gratings (FBGs) are widely used as sensing elements for the measurement of physical parameters such as strain, pressure and temperature [1] . The variation of these parameters induces changes of the central Bragg wavelength. The precise measurement of this wavelength change is crucial for achieving good sensor performance.
Several interrogation techniques based on bulk filters [2] , fibre edge filters [3] , edge optical spectra [4] , edge fibre grating spectra [5] , edge detector spectral responses [6] , tuneable fibre filters [7] , tuneable acousto-optic filters [8] , tuneable single mode laser diodes [9] , receiving FBGs [10] , interferometric detection [11] , fibre lasers [12] and Fourier techniques [13] have been proposed. These and other techniques rely on different physical principles, which are the basis for their classification, an issue that is dealt with in [14] .
The properties of chirped fibre Bragg gratings (CFBG) have also been employed successfully in the development of interrogation techniques. One of these techniques uses the group delay in a Sagnac loop interferometer [15] , and another the spectral response of broadband chirped gratings [16] . An FBG interrogation technique based on the spectral edge characteristics of a CFBG has also been reported [17] . In this work the spectral edge filtering properties of a CFBG written in an erbium-doped fibre are used. It is shown that in such a case not only is the optical gain of the remote sensing signal obtained but tuning of the measurand reading sensitivity can also be achieved. The concept of sensitivity tuning in the context of FBG interrogation has been presented before in the technique called as edge detector spectral response [6] , where tuning was achieved by changing the reverse bias voltage of the photodetector. However, the large width of the spectral response of these devices limits not only the sensitivity levels that can be achieved, but also the degree of tunability. As will be shown later, the technique reported in the present work allows large percentage tunability levels, which make it a useful characteristic in applications where tailored performance is demanded.
Fabrication and characterization of CFBGs in Er-doped fibres
A single-mode erbium-doped fibre (EDF-Er HC) was used to write a CFBG. The EDF was hydrogen-loaded at high pressure (120 atm) in order to enhance its photosensitivity through hydrogen diffusion into the glass matrix. The CFBG was photoimprinted using a 4 cm long chirped phase mask, with a chirp rate of 1 nm cm −1 , illuminated by UV radiation at 248 nm generated by a KrF excimer laser. The resulting CFBG showed a bandwidth of ≈4 nm around 1560 nm.
The reflection spectral response of the CFBG was characterized in terms of the pump optical power coupled to the EDF. The experimental set-up for this purpose is shown in figure 1 . A laser diode emitting at 980 nm (ADC Telecommunications) is used as single-end pump source. In order to obtain the CFBG reflection spectrum, the device was also illuminated with a broadband optical source (BBOS, figure 1 ). Figure 2 shows such spectrum when different optical pump intensities are coupled to the EDF, indicating that the slope of the CFBG reflection spectrum changes with the pump intensity in the region of 1558.8-1560.4 nm. Such information is collected in figure 3 , which gives the variation of this slope in the indicated range of wavelengths versus the injection current of the pump laser diode. The presence of a saturation behaviour is clear, i.e. as the pump power increases the slope of the CFBG reflection spectrum converges to a certain value. This feature is a consequence of the fact that the optical gain of an EDFA saturates for sufficiently high pump powers [18] . In the tested configuration longer wavelengths are first reflected by the CFBG and shorter wavelengths travel deeper into the grating, and therefore the amplification is larger at these wavelengths. Group delay measurements were also carried out using the technique detailed in [19] . The corresponding results, shown in figure 4 , confirm that longer wavelengths are indeed first reflected by the CFBG. In this figure the ripples at the low and high wavelength extremes are only an artefact of the measurement that arises from the fact that the measurement has been extended outside the grating bandwidth.
FBG interrogation technique
The FBG interrogation technique proposed here relies on the conversion of Bragg wavelength variations to optical intensity variations through the spectral slope of the CFBG. The utilization of optical gain in the CFGB, besides providing optical amplification of the signal arriving from the sensing FBG, allows also tuning of the scale factor associated with such conversion. To test this concept the experimental set-up illustrated in figure 5 was implemented.
An erbium-doped broadband source (BBOS) was used to illuminate the sensing FBG, which shows a Bragg wavelength of λ B ≈ 1559 nm. The demodulator comprises a pump laser diode, two WDM multiplexers at 980:1550, a 50:50 optical coupler and the CFBG written in an erbium-doped fibre. When the light reflected from the sensing FBG is filtered by the CFBG, a different optical power is obtained when the measurand action on the FBG changes. In the experiment performed the selected measurand was strain. In order to compensate for undesired optical power fluctuations, signal processing of the type R = (V r − V t )/(V r + V t ) was implemented [14] , as shown in figure 5 . To keep the optical amplification characteristics of the CFBG fixed, the pump laser diode was controlled in order to keep the pump optical power constant. Under these conditions the variation of parameter R is directly related to the wavelength shift of the FBG sensor. The experiment was controlled and the required signal processing undertaken using LabView TM software. Figure 6 shows the ratio R versus applied strain for different optical pump powers. For the CFBG considered the measurement range is limited to about 1200 µε if a linear relationship between R and strain is to be achieved. However, by proper design of the CFBG, this range can to a certain extent be tailored to the requirements of the envisaged application. From the data shown in this figure, the dependence of the system strain sensitivity on the level of optical gain in the CFBG demodulator is also clear. As indicated before, this characteristic is a consequence of the different global gain levels experienced by wavelengths reflected at different sections of the CFBG. This feature results from the fact that different wavelengths propagate for different distances in the grating structure. Therefore, they are affected differently in the way the optical gain is induced by the pump as well as in terms of absorption of the Er-doped fibre. For injection currents of the pump laser diode larger than 50 mA, the strain sensitivity tuning of the described system is −0.05 ± 0.01 (µε mA) −1 . This value indicates that by doubling the injection current of the pump laser diode the strain sensitivity also doubles. Therefore, the tuning of the measurand readout scale factor provided by this FBG interrogation technique is a characteristic that opens up new possibilities not offered in general by other FBG interrogation concepts, such as the real-time electrical tuning of the readout sensitivity in order to cover different measurement ranges.
Conclusion
An FBG interrogation technique has been described which relies on the edge filtering concept applied to a CFBG written in an erbium-doped fibre. It has been shown that, together with the amplification of the remote sensing signal, it is possible to achieve different reading sensitivities through electrical control of the optical gain level. For an FBG strain sensor, a readout sensitivity tuning of −0.05± 0.01 (µε mA) −1 was reported. It is expected that this feature will open up new possibilities not offered in general by other FBG interrogation techniques, such as the real-time adjustment of the sensitivity of the system in order to be able to address distinct measurement ranges.
